The Metabolic Clearance Rate The metabolic clearance rate (MCR) of a steroid hormone, which is probably most generally defined as the volume of blood cleared completely and irreversibly of steroid in unit time, determines the relationship between plasma production rate and plasma concentration (1) . A knowledge of its value may also be important in predicting some of the characteristics of any control system (1) (2) (3) .
It can be shown that after a single injection or continuous infusion of radioactive steroid, the metabolic clearance rate can be calculated as the reciprocal of the integrated plasma concentration of radioactivity measured specifically as the hormone (1) . If this integration is performed correctly, the two methods should give the same value for MCR, and a comparison of the values obtained therefore serves as a check on this and other technical requirements for the validity of the calculation (1, 4) . In the studies described here, the MCR of progesterone has been measured by application of the single injection and continuous infusion methods in ovariectomized females and in males. Information on volumes of distribution has also been obtained after single injection.
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to 35 years of age normally active up to the time of the test. Females without ovaries were patients studied at least 6 days after the operation of complete hysterectomy and bilateral salpingo-oophorectomy. They were studied on the gynecology wards of the Boston City Hospital. All were fasting and recumbent at the time of the test.
Progesterone-4-14C,l progesterone-7a-'H,2 and progesterone,3 which had been obtained commercially, were fractionated by partition column chromatography before use.
Progesterone-7a-3H was stored at a concentration of 11 Acc (1.7 ,ug) per ml in ethanol and checked at regular intervals for radiochemical purity.
Ethyl acetate was prepared by shaking it with an excess of sodium bicarbonate, filtering and washing with an equal volume of water, and filtering again through sodium sulfate anhydrous (Na2SO4) to eliminate all water. Tests of ethyl acetate with acidified 1% potassium iodine demonstrated the absence of peroxides. Methanol, 2,2,4-trimethylpentane, and toluene were reagent grade and were all redistilled before use. Celite was prepared by washing it with acid, then with distilled water to neutrality; finally, it was washed with methanol and dried in an oven at 600 C.
Single injection. In the single injection experiments, 2.2 j.uc (0.2 ml) of progesterone-7a-'H in ethanol was added to 11.0 ml of normal saline (2.0% ethanol solution). 
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Continuous infusion. In ten male subjects and eleven ovariectomized females, the metabolic clearance rate was determined by the method of continuous infusion.
In fasting subjects an initial priming injection was given at 8 a.m. In five males and five females this injection was prepared as follows: into 11.0 ml of 20% ethanol in normal saline (vol: vol) was added 0.075 ml of a solution of progesterone-7-8H in ethanol (0.82 ptc).
Ten ml of this solution (0.75 ,uc, 0.11 jug) was injected into the antecubital vein. Ten minutes later a continuous infusion of progesterone-7-3H in 20% ethanol in normal saline was begun in the same arm. The injection solution was 42.0 ml of 20% ethanol in normal saline into which had been dissolved 0.225 ml of a solution of progesterone-7-3H in ethanol (2.48,c, 0.37 lsg). In five males and six females 0.05 ml of a solution of progesterone-7-3H (0.55 /Ac, 0.0082 Ag) was added to 11.0 ml 2.0% ethanol in saline as initial injection. The continuous infusion was 42.0 ml of 0.4% ethanol in saline in which had been dissolved progesterone-7a-8H (1.65 /.zc, 0.24 Atg). This was infused by a constant infusion pump 4 from a 50-ml Luer-Lok syringe. It was attached to a no. 20 bore needle in the patient's vein by an R-33 5 polyethylene adapter that contained about 1.5 ml. The machine was run at a rate of 0.382 ml per minute infusing 1.5 Ac over a period of 100 minutes at a rate equivalent to about 21.6 ,ac per day. Samples were drawn at 10, 85, 95, and 105 minutes after the start of the experiment.
In nine control experiments in which an infusion solution of 0.4% ethanol in saline was used, we found that 40 ± 2 (SD) % of the initial concentration of progesterone-3H emerged from the needle, and we corrected the values by this factor, as we also found that the effluent concentration was constant during the whole course of the infusion. When a solution of 20% ethanol in saline was used, 50± 4 (SD) % of the progesterone emerged.
This was measured during ten MCR by continuous infusion (MCRr) determinations. In practice for these latter experiments, the amount infused was estimated directly (at the start and end of the infusion) by counting 0.6 ml of the ethanolic solution of saline with 10 ml of the usual scintillation fluid plus 6 ml ethanol. Appropriate standards counted in the same scintillation mixture of solutions were counted simultaneously. The mean concentration at the start and end of the infusion that was not systematically different was taken to calculate the rate of infusion of progesterone-'H.
In five male subjects who were studied by the continuous infusion method, both plasma and blood samples were estimated. The blood was hemolyzed and extracted in the same manner as previously described (4) .
In two volunteers (47 and 51), one an ovariectomized female and one a male, an infusion was given over a period of 500 minutes. After a priming injection of 1.75 Ac of progesterone-7-3H dissolved in 10 ml of 0.4% ethanol in normal saline, continuous infusion was administered. The continuous infusion of the ovariectomized female (no. 47) was 42.0 ml of 0.4% ethanol in normal saline 4 Harvard Instrument Co., Dover, Mass. 5 Baxter Laboratories, Morton Grove, Ill. into which had been dissolved 0.75 ml of progesterone-7-8H of the standard solution (8.25 ,uc) . It was infused at a rate of 14.6 muc per minute (20.9 ,uc per day). In the male (no. 51) the infusion contained 5.5 ,uc and was run at about 11.0 m~uc per minute (15.84 ,uc per day).
In all experiments 50-ml samples of blood were drawn from the opposite antecubital vein in heparinized syringes. The blood was immediately centrifuged, and the plasma was added to tubes containing a dry sample of progesterone-4-"C of low specific activity [usually 70 cpm (140 dpm, 0.07 ,ug) and 200,ug per 20 ml of plasma].
The plasma was then extracted with 4 X 1.3 vol of ethyl acetate. The combined solvent extracts were washed once with water and taken to dryness in vacuo. The residue was transferred to a partition column in 1 ml + 2 X 0.5 ml mobile phase. The column 60 cm long contained 25 g Celite and 12.5 ml of the stationary phase methanol: water, 4: 1 (vol: vol) and was developed with 2,2,4-trimethylpentane as the mobile phase; 5-ml fractions were collected. The holdback volume of the column was approximately 25 ml. One-half ml of fractions 10 to 15 (counted from the time of application of the extract) was dried under nitrogen and applied to Whatman 1 paper and developed in a ligroine, methanol: water, 9: 1 (vol: vol) system for 1 to 2 hours. These papers were scanned in the ultraviolet light to determine which fractions contained progesterone. Usually progesterone appeared in fractions 11, 12, and 13. The three fractions were pooled and added to scintillation vials. The three fractions more polar and the three less polar in certain experiments were also pooled into two scintillator vials. All were dried in a vacuum desiccator overnight. Ten ml of scintillation fluid (4 g PPO [2,5- 3 and 8) . These taps were just off the balance point for each isotope, where the contribution of "4C radioactivity was minimal in the 'H range. The counting rates of 3H and "C estimated this way gave a value for the initial tritium content of the plasma, present specifically as progesterone, and corrected for losses during isolation. Accuracy was within ± 6% including counting errors. The fractions on either side of the progesterone peak were assayed in all the initial experiments. In most experiments the 'H radioactivity in side fractions was negligible. When it was greater than 5 cpm, the 3H/"4C ratio of the side fraction was the same as the ratio for the peak fraction. The columns were reused after passing about 300 ml of mobile phase over them. However, each column was rebuilt about every 6 to 12 weeks.
Specificity was considered valid because of the coincidence of progesterone-3H, progesterone-"4C, and inert progesterone. Also, side fractions contained little ultra-6 Tri-Carb model 314X, Packard Instrument Co., La Grange, Ill. violet-absorbing material, but 3H/"C ratios were equal to peak fractions.
In the earlier experiments the three peak tubes and the three tubes each more polar and less polar were compared. Where sufficient radioactivity was present, the 'H/f4C ratios in all three groups were shown to be equal.
The three peak tubes were examined individually, and the ratios among ultraviolet adsorption and 8H and 14C values were shown to be equal.
In two experiments 2.5 juc of progesterone-7-3H was administered to ovariectomized women as a priming dose followed by 7.5 ,uc progesterone-7-3H infused over 100 minutes. After 95 minutes blood was drawn sufficient to obtain 4-X 20-ml samples of plasma to which was added the recovery standard progesterone-4-"C. Each was extracted, pooled, and separated on two chromatographic columns in the usual manner. The three peak progesterone tubes from each column were pooled, and a sample was taken for counting. In one experiment the remainder was then dried and incubated with 20P-hydroxysteroid dehydrogenase 7 for 2 hours in 0.2 M phosphate buffer to which 0.005 M EDTA had been added with 1.0 mg DPNH as cofactor. The incubate was extracted with ether, and the ether was taken to dryness.
The residue, after the addition of authentic 20#-hydroxy-4-pregnen, 3-one, was placed on a Celite column in the usual manner (cyclohexane: 70% methanol). The tubes (no. 17, 18, and 19) containing the authentic 20,9-hydroxy-4-pregnen, 3-one were counted in the usual manner.
In the other experiment the progesterone was reacted with 20a-hydroxysteroid dehydrogenase (5) in a similar manner, employing a TPNH-generating system. At the same time, controls were incubated, using as substrate equivalent counts of the injection solution of progesterone-7-3H and recovery standard progesterone4-"C, and reacted with the hydroxysteroid dehydrogenase in the same manner. In both experiments the clearance rates calculated from the 'H/"C ratios of the 20Ca and 20, reduced derivatives were the same as those calculated from the initial ratio of the progesterone from the column using the appropriate standards for all three calculations. In 18 experiments, 73 determinations, the recovery of 4C had a mean value of 50.1%o ± 0.17 (SE). The coefficient of variation was 9%. Theory. The metabolic clearance rate of progesterone from the plasma is defined as the volume of plasma from which the steroid is completely and irreversibly removed in unit time. The values expressed are then the plasma metabolic clearance rate (MCR plasma). The mathematical calculation of MCR as derived by Tait and Burstein (3) in analogous treatment to that of Hamilton and Remington (6) states:
If x' is the radioactive concentration of the hormone, then MCR-x'-dt is the radioactivity cleared (dR) in the small time interval (dt). Then MCR x' dt=dR, and _ MCR x'.dt = Rs, 7 Sigma Chemical Co., St Louis, Mo.
where Rs = total radioactivity injected into blood.
All radioactive measurements are conveniently expressed as fractions of dose injected. Then Rs = 1, and rX JMCR.x'-dt = 1.
In the steady state where MCR is constant,
The amount of steroid cleared from the blood in unit time equals MCR i, where i is the blood nonisotopic steroid concentration. In the steady state the rate of clearance will be equal to the rate of entry as the concentration in the blood is constant. Therefore, the production rate (P') in the steady state is equal to the amount of steroid cleared: P' = MCR'i. From the determination of MCR and knowledge of blood concentration the production rate of progesterone may be determined. If there is more than one compartment with secretion both in the inner and outer compartments, the production rate is the secretion directly into the inner compartment (i.e., the compartment that is measured) plus the proportion of new steroid secreted into the outer compartments that enters the blood (7). The inner compartment would comprise that steroid which is in rapid equilibrium with the blood, and the outer compartments, steroid that is in slower equilibrium. These compartments do not necessarily correspond with any anatomical boundaries. By this definition, "production" would include progesterone directly released into the appropriate compartment from the endocrine glands plus progesterone synthesized in the same compartment from intermediates, e.g., as regards the inner compartment, this could include progesterone released by the adrenals and gonads plus progesterone converted from pregnenolone in the liver that emerges into the general circulation [cf. discussion in (1)].
The MCR can be measured after a rapid single injection or a continuous infusion. If the production rate is known, the MCR may be calculated indirectly from the values of blood concentration: MCR = P'/i.
For all steroids so far investigated the disappearance curve of radioactive concentration in plasma (measured specifically as the hormone) must be represented by at least two exponentials:
x' = A'e-at + B'e-t + C'e-,t....
(3).
Therefore, the metabolism and transport of the steroid must be described by at least two compartments. To calculate the metabolic clearance rate after single injection (MCRR), then: (Table IV) .
In five continuous infusion experiments on males, whole blood concentration was measured at the same time as plasma (Table VI) . The plasma/blood concentration had a mean value of *SD/mean X 100%.
1.7 ± 0.2 (SE) with a mean hematocrit of 44%o, indicating that progesterone was entirely in the plasma. The mean MCRr for whole blood in the males was 3,691 ± 119 (SE). The hematocrit of the females (11 subjects) was 34.5%o; their whole blood clearance may be calculated to be 3,247 L per day by making the assumption that they have the same plasma blood ratio as the males. Discussion The rapid disappearance of progesterone from plasma is well known. The rate of disappearance of radioactivity from the plasma after the administration of progesterone-4-14C has been shown by Sandberg and Slaunwhite to have a t4 of 20 minutes (9) . Their value of tj 90 minutes for subsequent equilibrium was believed to be for progesterone and its most rapidly formed metabolites. Reaction of the plasma with glucuronidase and sulfatase gave values of plasma radioactivity with an even slower disappearance. Haskins examined the disappearance of ultraviolet-absorbing material from the plasma of rabbits after the injection of 10 mg of progesterone and found the value to be tj 4.9 minutes. By biologic assay the value was t1 3.3 minutes (10). Soiva, Haskins, and McCafferty showed the rapid disappearance of plasma radioactivity after the injection of 276 jug progesterone-4-14C (11) . Nine minutes after the single injection of progesterone-4-14C Zander showed the presence in the plasma of pregnanolone (5,8 pregnane 3a-ol, 20-one), pregnanediol (5, 8 pregnane 3a-20a-diol), and 20a-hydroxy-4 pregnen, 3-one). Short and Eton (12) calculated tj to be 5 minutes in pregnant women after the removal of the placenta at Cesarean section. Short also showed in ewes a tj of 4 minutes after allowing 5 minutes for complete mixing (13) . Comparison of these results with ours is difficult because of the lack of specificity of the measurement of progesterone in some of the reported work. In other studies, the tj has been measured at a greater time after the initial injection. In some reported papers, both the design of the experiments and nonspecificity of plasma radioactivity measurements make their results incomparable with ours. We could not conclude from these studies whether the rapid disappearance of administered progesterone from plasma and blood was due to the rate of its metabolism or the rapidity of its spread into a large volume (14) . If the splanchnic extraction of progesterone is assumed to be 100%, extrahepatic clearance would be about 600 L per day or about 50%o of the splanchnic clearance. Actually, the splanchnic extraction of progesterone Clog has been measured directly by simultaneous assay of peripheral and hepatic venous plasmas and found to be about 70% (15) . If this value is taken, the amount of splanchnic and extrasplanchnic clearance would be about equal. This is to be contrasted with aldosterone, where metabolic clearance rate is equivalent to hepatic blood flow, hepatic extraction of aldosterone is 95 %, and extrahepatic clearance is less than 20%1o of the splanchnic clearance.
The high clearance of progesterone does indicate high hepatic extraction. Preliminary estimates of hepatic extraction by direct measurement are high (about 70%o ) (15) . If this is true, it indicates that aldosterone and progesterone, which are bound mainly to albumin (16) , are metabolized readily in spite of this binding, which is strong in the case of progesterone. Recently Seal, Makey, and Doe (17) reported that progesterone is strongly bound to corticosteroid-binding globulin (CBG) in human plasma. However, reliable calculations of the relative amounts bound to albumin and CBG in plasma have not yet been made.
The volumes of distribution of progesterone are not so great as those of aldosterone but larger than those of cortisol. This indicates that plasma albumin binding has little effect on its distribution, that progesterone binding by tissues is just as strong as its binding to plasma proteins, or both.
There is a slight difference in the values of distribution of ovariectomized females and males that is not statistically significant and may in part be a result of the difference in hematocrit between these two groups (females, hematocrit = 34%o; males, hematocrit = 44%o). The plasma concentration of progesterone is about the same in the two groups (18) .
From the plasma concentration in normal males of 0.028 + 0.004 (SE) /g per 100 ml (18) and the estimated urinary production rate of 4.5 mg per day (19) or 3.2 +0.49 (SE) mg per day (20) , it can be estimated that the plasma clearance rate in males would be about 14,000 L per day, which is greatly in excess of cardiac output. Also, taking the most reliable MCR value, as from the continuous infusion results, a plasma production rate in males can be calculated as 0.59 mg per day, which is much lower than the corresponding urinary production rates (mean value, 3.8 mg per day). This discrepancy in plasma and urinary production rates was the first reported for any steroid (1) . In previous publications, the MCR of progesterone was reported as about 3,000 L per day, which was erroneously high due to adsorption of the tritiated progesterone in the tubing used for infusion. However, the correct MCR values of 2,100 L per day as reported have increased the discrepancy in the urinary and plasma production rates. The plasma concentration of progesterone in the male used in this calculation has recently been confirmed by a reliable gas chromatographic method (21) . These estimated urinary production rates were determined from the specific activity of pregnanediol in the urine after the injection of radioactive progesterone. However, by using a simultaneous injection of pregnenolone-3H and progesterone-14C, Arcos, Gurpide, Vande Wiele, and Lieberman (22) have reported that progesterone is not the specific and only precursor of 5,8 pregnane, 3a-20a-diol in the male and ovulating females; this confirms that measurement of progesterone production rates (1) from pregnanediol is invalid in the male and suggests that this may also be the case in the female.
It was also suggested (1) that discrepancies in plasma and urinary production rates could be due to conversion of a precursor to the hormone in an outer compartment where the hormone is irreversibly metabolized to some extent and the urinary metabolite is formed. Since then this has been shown to be a likely explanation of the discrepancies in the plasma and urinary production rates of testosterone (23, 24) and androstenedione (25) .
The plasma concentration of progesterone in ovariectomized females is 0.038 + 0.004 (SE) ug per 100 ml (18) leading to a calculated plasma production rate of 0.80 ± 0.09 (SE) mg per day.
Urinary production rates in similar subjects have been estimated as 1.1 + 0.07 (SE) mg per day (20) . Although the urinary production rates are probably significantly higher than the plasma production rates, the difference in the values is much smaller than in males and could possibly be accounted for by differences in circadian variation in plasma concentrations and metabolic clearance rates. Similarly, the plasma concentrations in pre-and post-ovulatory normal females are 0.14 and 1.05 Mtg per 100 ml (18, 26) , which are similar to those recently reported by Van (27) . Again the discrepancy in the urinary and plasma production rates is not so great as in the male, but is large enough to warrant caution in using urinary pregnanediol values in the normal female as accurate indexes of circulating progesterone concentrations. This agrees with the conclusions of Arcos and co-workers (22) .
It should be noted that the plasma production rates for all subjects calculated here are lower than those quoted in a previous discussion (18) Probably the major usefulness of clearance rate studies will be to calculate the blood production rates from clearance rate and blood concentration (3) . This avoids the difficulties of the interpretation of calculated urinary production rates (1 in the rate of clearance of progesterone from the plasma. The blood MCRr for five males is 3,691 + 119 L per day; the plasma/blood ratio is 1.7 ± 0.2 (SE) with a mean hematocrit of 44%o, which indicates that there is no appreciable progesterone in the red cells.
The rapid disappearance of progesterone has been shown to be a result of metabolism rather than distribution into a large volume. It is suggested that even in the presence of high hepatic extraction, progesterone is metabolized appreciably by the extrasplanchnic circulation.
The measured MCR values lead to calculated plasma production rates in the male that are much less than the corresponding urinary production rates. The discrepancy is less in ovariectomized females.
